Abstract. The research and development, basic principles, analysis and design methods of the Lamina Emergent Mechanisms are reviewed. As a compliant mechanism, Lamina Emergent Mechanisms (LEM) is a kind of device which is manufactured by a monolithic machine device and belongs to a non-hinge mechanism. Their motion is obtained through elastic deformation of compliant members which can avoid the vibration shock, friction, wear, lubrication and other defects. The analysis methods are described and the influence factors that affect compliance are also analyzed. The compliant mechanisms are likely to be widely applied in micromechanical systems and nanomechanical systems.
Introduction
Traditional mechanisms use rigid components to attach to joints (e.g., pin joints, sliding joints, cam hinge, shafts, or bearings, etc.) This usually requires the assembly of components, the presence of friction on the connection surfaces, the lubrication is necessary. The disassembly process is cumbersome. Therefore, friction and wear are the main weakes.
As a type of compliant mechanism, Lamina Emergent Mechanisms (LEM) is a mechanical device made of a planar sheet material that can be moved out of the manufacturing plane. By flexibly deforming of the conponents, complex movements can be achieved and are monolithic within each planar layer. The compliant mechanism offers the opportunity to achieve complex. As it can gain motion from the constrained bending of compliant members, complex movements can be achieved with a simple topology. Most of the motion mechanism in nature are compliant, rather than rigid. and the motion comes from the flexing of the compliant member rather than the rigid members that are connected to the hinge, such as the heart, trunk, and bee wings. The smaller the sample, the more likely it is to use the deformation of the compliant member to gain its motion. The same is true of man-made systems. The smaller the device, the greater the advantage of using Compliant mechanism [1] [2] .
Lamina Emergent Mechanisms （LEMs） as a type of compliant mechanism, its attraction lies in their potential to perform complex mechanical tasks with a simple topology. The ability of the flat material layers made makes it possible to manufacture them with the common thin sheet materials that are used in a simplified process. As a result, LEMs have the potential for high performance, compact devices, and lower manufacturing costs, but need balancing of challenging design.
Research and Development
In1864, Maxwell used the elastic deformation of the material to achieve precise positioning. However, theoretical research on mechanisms that can produce elastic deformation began in the 20th century. In the 1980s, Purdue University began systematic research on such mechanisms and gave a special terminology-compliant mechanisms [1] .
In 2005, Trease et al. [2] discuss large-displacement compliant joints that allow for large rotations where off-axis stiffness is not important. The off-axis stiffness is defined as the stiffness in any direction except the required motion of the joint. The greater the off-axis stiffness, the less the parasitic motion. In 2009 Jacobsen et al. [3] introduced the Lamina Emergent Torsional (LET) Joint (shown in Figures 1 and 2 ) as a flexible joint suitable for applications requiring large-angle rotation, but its off-axis stiffness does not appear. In 2010 Jacobsen et al. [4] defined the Lamina Emergent Mechanisms (LEM). He proposed a basic framework as a basis for future LEM design. In 2011 Ferrell et al. [5] described the specific application of TUFF joints and RUFF joints in metal. In 2012 Wilding et al. [6] proposed the I-LEJ Joint, T-LEJ Joint and IT-LEJ Joint. The purpose is to increase the tensile compression load-bearing capacity of flexible joint. Although the bending performance is slightly reduced, the tensile and compressive load bearing capacity have been greatly improved. The formulas for calculating the torsional equivalent stiffness of three flexible joint have been also given.
In 2010 Yu et al. [7] summarized and compared the analysis and design methods of several mainstream flexible mechanisms at present and looked forward to the development of the design theory of the compliant mechanisms. In 2015 Qiu et al. [8] proposed a LOOP-shaped flexible joint and applied it to the LEMs lifting mechanism. In 2016 Qiu et al. [9] designed three Triple-LET flexible joint based on tandem type after connecting three external LET Joint, further enhancing the bending ability of the joint. In 2016, Cao et al. [10] added a tensile fragment to the outer LET flexible joint and designed a tensile flexible joint. In 2016, Qiu et al. [11] combined the S-shaped joint with the outer LET flexible joint to design a S-LET composite flexible joint, which improved the joint's torsional performance. In 2017, Liu et al. [12] synthesized the advantages of elliptical flexible joint and LET flexible joint and proposed a two-degree-of-freedom flexible joint that can rotate in-plane and out-of-plane.
The one-piece or unitary nature of LEMs is suitable to MEMS. Because of the elimination of gaps and wear, controlled motion without pin joints creates the opportunity to increase accuracy. By using a compliant mechanism, the friction between the friction members can be reduced or eliminated.
Methods on Analysis and Design of Compliant Mechanisms

Finite Element Analysis
The finite element method is the most powerful and versatile method for analyzing compliance mechanisms. Commercial software associated with compliant mechanisms can be used to analyze large non-linear deformations. The general characteristics of the method make it suitable for a wide range of geometries, materials and applications. Increasingly powerful computing ability makes it possible to analyze even very complex compliant mechanisms.
Pseudo Rigid Body Model
The pseudo-rigid body model is used to simulate the compliance mechanism, thereby it opens the possibility of using rigid body design and analysis methods in the design of flexible mechanisms [1] . Using a pseudo-rigid body model approach, the compliant element is modeled as a rigid link connected at a suitably placed pin, and the spring represents the resistance to movement of the compliant mechanism. A lot of work has been done to develop pseudo-rigid body models for various geometric shapes and loading conditions.
Topology Optimization
Assume that all known designs are the desired performance. Topology optimization shows the prospect of designing compliant mechanisms under such conditions. Its advantage is that it needs little prior knowledge of the resulting compliant mechanism and eliminates any designer bias [15] . Topology optimization often combines with finite element methods to adopt many possible ways. It is possible to find a new design that other methods cannot will not achieve. The resolution of the design domain grid may be a limiting factor, but, once the ideal topology has been determined, further refinements can be made using other methods.
Factors that Affect Compliance
The flexibility of the flexible sections that make up the Lamina Emergent Mechanisms directly affects the ability of the Lamina Emergent Mechanisms to move. As one of the flexible members of the cantilever beam, we use its linear deformation to illustrate how different parameters affect the flexibility of a segment. The trend shown by this simple linear transformation applies to the large nonlinear deformation experienced by the Lamina Emergent Mechanisms. The length of the cantilever beam is L, the thickness is h, the width is b, and the force F loading point is at the end, as shown in Figure 1 . The maximum deformation that a cantilever beam can experience before failure is given by 2 max 2 3
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Where S is the yield strength and E is the Young's modulus. The equation (1) shows that compliance is mainly affected by the geometry (L 2 /h) and material properties (S/E). The most straightforward way to manipulate segment flexibility is to modify its geometry. There are four main ways to change the geometry. The first three are done by changing certain dimensions of the segment: width, thickness, or length. The last method is to change the moment of inertia or cross-sectional shape of the segment.
Modify the Width
Changing the width results in a linear change in the area moment of inertia. The width of a segment can be changed by removing material from the side of the segment, the interior of the segment, or a combination of these changes. The reduction in width need not be symmetrical. These methods for reducing the width are shown in Figure 2(a) .
Modify the Thickness
A physical change in thickness may require additional manufacturing steps, but it has a significant effect on bending stiffness (halving the thickness and eight times the area moment of inertia). Figure  2(b) shows an obvious method of thickness variation. For some situations, the gap is another method, but it often leads to high stress concentration. Creases (imagine packaging made of paperboard) may be effective methods in certain materials and applications that experience relatively few cycles. 
Modify the Length
Increasing the length of the compliant section significantly affects its flexibility (the double length reduces the stiffness of the cantilever by eight times). There are many possible ways to effectively achieve length effects. The trivial solution is to make this segment longer in a straight line. The segment can also follow the arc between the endpoints so that they are slightly longer than the line between these points.
Modify the Cross-sectional Shape
The method of changing the stiffness without changing the thickness or width is to change the shape of the cross section. Like modifying the thickness, changing the cross section requires a manufacturing step rather than cutting the profile. One well-known example of changing the cross-sectional shape is a woodworking belt in which the shape of the thin metal band is partially circular rather than arcuate, so that the band becomes stiffer when bent (see Figure 2(c) ). Corrugated cardboard boxes also use cross-sectional shape changes to increase the stiffness in the transverse to corrugation direction.
In addition, flexibility can be influenced by modifying material properties, boundary conditions and etc.
Summary
The Lamina Emergent Mechanism is a type of compliant mechanism that is fabricated by flat materials. They have many advantages in a planar state, including no assembly, frictionless and wear-free motion, reduced manufacturing costs, and compactness in a planar state. The research and development of the Lamina Emergent Mechanism are reviewed. The analysis methods and influence factors that affect compliance are also described. The compliant mechanisms are likely to be used more and more applications in micromechanical systems and nanomechanical systems.
